Olfactory bulb interneuron development is a complex multistep process that involves cell specification in the ventral telencephalon, tangential migration into the olfactory bulb, and local neuronal maturation. Although several transcription factors have been implicated in this process, how or when they act remains to be elucidated. Here we explore the mechanisms that result in olfactory bulb interneuron defects in Dlx1&2 Ϫ/Ϫ (distal-less homeobox 1 and 2) and Mash1 Ϫ/Ϫ (mammalian achaete-schute homolog 1) mutants. We provide evidence that Dlx1&2 and Mash1 regulate parallel molecular pathways that are required for the generation of these cells, thereby providing new insights into the mechanisms underlying olfactory bulb development. The analysis also defined distinct anatomical zones related to olfactory bulb development. Finally we show that Dlx1&2 are required for promoting tangential migration to the olfactory bulb, potentially via regulating the expression of ErbB4 (v-erb-a erythroblastic leukemia viral oncogene homolog 4), Robo2 (roundabout homolog 2), Slit1 (slit homolog 1), and PK2 (prokineticin 2), which have all been shown to play essential roles in this migration.
Introduction
The tangential migration of immature interneurons produced in the mouse basal ganglia anlage (subpallium) plays a major role in the development of pallial structures, including the neocortex, hippocampus, and olfactory bulb (OB). Most of these neurons originate in the caudal (CGE), lateral (LGE), and medial (MGE) ganglionic eminences Rubenstein, 2001, 2003; Tucker et al., 2006; Wonders and Anderson, 2006) . There is evidence that dorsal parts of the LGE (dLGE) are specifically involved in producing OB interneurons [granule and periglomerular (PG) neurons] that express distinct transcription factors Dlx1,2&5 (distal-less homeobox 1, 2, and 5), ER81 (ETS domain protein), and Sp8 (Sp8 transcription factor) (for GABAergic neurons) and Pax6 (paired box gene 6) (for dopaminergic neurons) (Long et al., 2003; Stenman et al., 2003; Kohwi et al., 2005; Yun et al., 2003) . Furthermore, the septum (SE) may also be a source of embryonic OB interneurons (Long et al., 2003) . OB projection neurons (mitral and tufted cells) appear to be produced by pallial progenitors that require the function of a distinct set of transcription factors, including Tbr1 (T-box brain gene 1) (Bulfone et al., 1998) .
Whereas migrations to the cortex and hippocampus are primarily prenatal processes in rodents, migration to the OB along the rostral migratory stream (RMS) continues in adults (Luskin, 1993; Lois and Alvarez-Buylla, 1994; Luskin and Boone, 1994; Doetsch and Alvarez-Buylla, 1996; Lois et al., 1996; Tucker et al., 2006) . In adult rodents, immature interneurons originate within the complex network of the adult subventricular zone (SVZ), migrate tangentially to the anterior SVZ, and then continue migration in the RMS toward the OB. On reaching the OB, these neurons change orientation to migrate radially to populate the granule cell and periglomerular layers. They then further differentiate into local circuit neurons.
The molecules that regulate the specification, differentiation, and migration of OB interneurons are beginning to be elucidated, including a set of transcription factors: Dlx1,2,5&6, Gsh1&2 (genomic screened homeobox 1 and 2), Mash1 (mammalian achaete-schute homolog 1), Pax6, and Sp8. The Gsh1&2 homeobox genes are among the earliest markers of ventricular zone (VZ) progenitors that produce telencephalic GABAergic neurons. These genes are required to produce OB interneurons through specifying progenitor domain identity (Corbin et al., 2000; Toresson et al., 2000 Toresson et al., , 2001 Yun et al., 2001 Yun et al., , 2003 . Mash1 encodes a basic helix-loop-helix transcription factor that is also expressed in the subpallial VZ (and SVZ) , in which it is required for controlling the balance between early and late progenitors and for the efficient generation of GABAergic neurons (Casarosa et al., 1999; Horton et al., 1999; Yun et al., 2002) .
The Dlx1,2,5&6 homeobox genes begin expression after Gsh1&2 and Mash1 (Yun et al., 2002 (Yun et al., , 2003 ; Dlx2 is expressed in a subset of VZ cells; all four Dlx genes are strongly expressed in the SVZ, and subsets of Dlx genes are expressed in differentiating forebrain GABAergic and dopaminergic neurons (Eisenstat et al., 1999; Long et al., 2003) . Postnatally, Dlx2 and Mash1 are expressed in the adult SVZ and RMS in transient amplifying cells and neuroblasts (Porteus et al., 1994; Doetsch et al., 2002; Parras et al., 2004) . Dlx1&2 Ϫ/Ϫ mice lack virtually all OB GABAergic and dopaminergic interneurons (Bulfone et al., 1998) , whereas Dlx1 Ϫ/Ϫ , Dlx2 Ϫ/Ϫ , or Dlx5 Ϫ/Ϫ mutants have less severe OB phenotypes (Qiu et al., 1995; Long et al., 2003) (J.E.L. and J.L.R.R., unpublished observation).
In addition to the early role of Pax6 in patterning the OB anlage (Anchan et al., 1997; Jimenez et al., 2000; Nomura and Osumi, 2004; Nomura et al., 2006) , this paired-homeobox gene has a later role for generating dopaminergic periglomerular interneurons and is implicated in regulating development of superficial granule cells (Dellovade et al., 1998; Hack et al., 2005; Kohwi et al., 2005) . The Sp8 zinc-finger gene is expressed in and required for the differentiation of GABA-positive (GABA ϩ ) and calretinin ϩ periglomerular cells (Waclaw et al., 2006) . ER81, an ETS transcription factor, shares an expression pattern similar to Sp8 in the dLGE, but the function of ER81 in these cells is unknown (Stenman et al., 2003) .
Very little is known about how these transcription factors regulate OB interneuron development. Given the function of the Dlx genes in controlling migration of MGE-derived interneurons (Anderson et al., 1997a (Anderson et al., , 2001 , it is possible that they modulate the expression of molecules that control migration of immature OB interneurons. SLIT ligands and the ROBO (roundabout homolog) receptors are currently considered to be among the most important regulators of OB interneuron migration. SLIT proteins have been shown to repel migrating OB interneurons (Hu, 1999; Li et al., 1999; Wu et al., 1999; Chen et al., 2001; Sawamoto et al., 2006) and to also have cell-autonomous functions (Nguyen-Ba-Charvet et al., 2004) . There is also evidence that a SLIT gradient within the lateral ventricles guides interneuron migration toward the OB. Furthermore, Slit1&2 Ϫ/Ϫ (slit homolog 1 and 2) mutants have small OBs (Sawamoto et al., 2006) .
Neuregulin signaling is another important regulator of OB interneuron migration, because ErbB4 Ϫ/Ϫ (v-erb-a erythroblastic leukemia viral oncogene homolog 4) mutants have altered neuroblast chain organization and migration (Anton et al., 2004) . These mutants also show deficits in the placement and differentiation of olfactory interneurons. Furthermore, receptor tyrosine kinase signaling through ErbB4/neuregulin and epidermal growth factor (EGF) receptor/EGF promote proliferation of OB interneuron precursors (Doetsch et al., 2002; Ghashghaei et al., 2006) . Signaling of the secreted protein prokineticin 2 (PK2) can act as a chemoattractant for OB interneurons; PK2 Ϫ/Ϫ mutants have a disorganized OB and show defects in RMS migration (Ng et al., 2005) . Secretion of REELIN from mitral cells is implicated as a detachment signal of tangentially migrating OB interneurons (Hack et al., 2002) .
Here we explore the mechanisms that result in olfactory bulb interneuron defects in Dlx1&2 Ϫ/Ϫ and Mash1 Ϫ/Ϫ mutants. We provide evidence that Dlx1&2 and Mash1 regulate parallel pathways that are required for the generation of these cells. Dlx1&2 are required for promoting expression of glutamic acid decarboxylase GAD67 (GAD1), vesicular GABA transporter [VGAT (or Viaat for vesicular inhibitory amino acid transporter)], and the ER81 transcription factor; they repress expression of Mash1, Hes5 (hairy and enhancer of split 5), Sp9, and PK2. Conversely, Mash1 has complementary function in promoting expression of Sp9 and PK2. Furthermore, Dlx1&2 are required for promoting tangential migration to the OB and may do so through positively regulating expression of ErbB4 and Robo2 and negatively regulating Slit1 and PK2 expression.
Materials and Methods
Animals and tissue preparation. A mouse mutant strain with a null allele of Dlx1&2 was used in this study (Anderson et al., 1997b; Qiu et al., 1997) . This mouse strain was maintained by backcrossing to C57BL/6J mice for more than 10 generations. For staging of embryos, midday of the vaginal plug was calculated as embryonic day 0.5 (E0.5). Mouse colonies were maintained in accordance with the protocols approved by the Committee on Animal Research at University of California, San Francisco. Animals expected to contain Mash1 Ϫ/Ϫ and Dlx1&2 Ϫ/Ϫ mutant embryos were removed by cesarean section. PCR was performed as described previously (Bulfone et al., 1993; Anderson et al., 1997b; Qiu et al., 1997; Depew et al., 1999; Parras et al., 2002) to genotype offspring resulting from Dlx1&2 and Mash1 heterozygous matings. Because no differences in the phenotypes of Dlx1&2 ϩ/ϩ and Dlx1&2 ϩ/Ϫ brains have been detected, they were both used as controls. Embryos were anesthetized by cooling, dissected, and immersion fixed in 4% paraformaldehyde (PFA) in PBS for 4 -12 h. Samples were either cryoprotected in a gradient of sucrose to 30%, frozen in embedding medium (OCT; Tissue-Tek, Torrance, CA), and cut using a cryostat or dehydrated in ethanol, embedded in paraffin, and cut using a microtome.
In situ hybridization. In situ hybridization experiments were performed using 35 S riboprobes on 10 m frozen sections as described previously (Bulfone et al., 1993) or using digoxigenin riboprobes on 20 m frozen sections as described previously. We generously thank the following people for cDNAs: Drs. Brian Condie (University of Georgia, Athens, GA) for GAD67, Peter Gruss (Max Planck Institute, Munich, Germany) for Pax6, Tom Curran (University of Pennsylvania, Philadelphia, PA) for Reelin, Francois Guillemot (NIMR Medical Research Council, London, UK) for Mash1 and Hes5, Qun-Yong Zhou (University of California at Irvine, Irvine, CA) for PK2, Juan Carlos Izpisú a Belmonte (Salk Institute, La Jolla, CA) for Sp8 and Sp9, Tom Jessell (Columbia University, New York, NY) for ER81, Marc Tessier-Lavigne (Genentech, South San Francisco, CA) for Robo1, Robo2, and Slit1, and Cary Lai (Scripps Institute, La Jolla, CA) for ErbB4. The Dlx1, Dlx2, and Dlx5 plasmids were generated in the Rubenstein laboratory.
Histochemistry. Samples were sectioned at 10 m and mounted onto SuperFrost Plus slides (Fisher, Pittsburgh, PA). Sections were stained with cresyl violet (E14.5 to postnatal day 0) on OCT-embedded sections and analyzed.
Immunohistochemistry. Immunohistochemistry was performed as described previously (Marin et al., 2000) . We used the following primary rabbit polyclonal antibody: anti-PAX6 (diluted 1:250) (Inoue et al., 2000) ; and guinea pig polyclonal antibody, anti-DLX2 (diluted 1:2000) (Kuwajima et al., 2006) . Both the DLX2 and PAX6 antibodies do not show specific immunoreactivity with the mouse forebrain of Dlx1/2 Ϫ/Ϫ and Pax6 Ϫ/Ϫ mutants (see Fig. 4 and data not shown, respectively). Slice culture. Brains were dissected in ice-cold Krebs' buffer as described previously (Marin et al., 2000) and embedded in 5% lowmelting-point agarose (FMC Bioproducts, Rockland, MA), and 250 m sagittal sections were cut with a vibrating microtome (VT1000S; Leica, Nussloch, Germany). Slices were then placed onto Transwell membranes (8 m pore size, 24 mm diameter membrane; Costar, Acton, MA) that were previously coated with 1 mg/ml of Vitrogen (Cohesion, Palo Alto, CA) for 1 h. The Transwell membranes containing the slices were placed into Neurobasal media containing 2% B-27 supplement (LTI, Gaithersburg, MD), 0.5% glucose, 2% glutamine, and 2% penicillin/streptomycin. A crystal of the axonal tracer, 1,1Ј-dioctodecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) (Invitrogen, Carlsbad, CA), was placed into the RMS. The slices were placed in a 37°C incubator with 5% CO 2 for 72 h. The slices were then analyzed with fluorescence microscopy for DiI-labeled cells that had migrated beyond the diffusion range of the crystal.
Matrigel assay. Embryos were collected and processed as above for slices. A tungsten needle was used to dissect out a small piece from the subventricular zone of the lateral ganglionic eminence. This small piece was then placed onto a 25 l pad of Matrigel (Becton Dickinson, Bedford, MA). Then 30 l of Matrigel was placed on top of the explant and cultured in Neurobasal media containing 2% B-27 supplement (LTI), 0.5% glucose, 2% glutamine, and 2% penicillin/streptomycin for 72 h. The explants were fixed for 2 h in 4% PFA, immersed in 50 g/ml Hoechst 33342 (Invitrogen), and mounted using Vectashield (Vector Laboratories, Burlingame, CA).
Transplantations. Brains were dissected in ice-cold Krebs' buffer as described previously (Marin et al., 2000) . Dlx1&2
Ϫ/Ϫ mutant and wildtype cells to be used for transplantation were removed and processed as described previously (Herrera et al., 1999) .
Results

Dlx1&2
Ϫ/Ϫ mutants lack olfactory bulb interneuron expression of Dlx5, GAD67, and Pax6 We previously demonstrated a severe reduction in the number of OB GABA ϩ and tyrosine hydroxylase (TH)-positive cells in E18.5 Dlx1&2 Ϫ/Ϫ mutants (Anderson et al., 1997b; Bulfone et al., 1998) . Here we investigated the molecular features and mechanisms underlying this defect. We began by identifying global aspects of this phenotype using in situ RNA hybridization analysis of marker gene expression in sagittal sections at E14.5 and E18.5.
Expression of Dlx2, Dlx5, and GAD67 in the SVZ and mantle of E14.5 control embryos labels a rostral extension from the septum ( Fig. 1 B, C,D ) and dorsal LGE (Long et al., 2003, their Fig. 5) into the early OB. In the Dlx1&2 Ϫ/Ϫ mutants, expression of these genes does not extend into the OB (Fig. 1 BЈ, 
CЈ,DЈ). Dlx1&2
Ϫ/Ϫ mutants express a truncated Dlx2 transcript (Dlx2m) in the LGE, MGE, and SE but not the OB (Fig. 1 BЈ) (Zerucha et al., 2000) . The lack of OB expression of these molecular markers suggests that, from early embryonic stages, Dlx1&2 Ϫ/Ϫ mutant OBs lack subpallial cells.
Expression of Pax6 marks at least three cell populations in and around the OB: VZ cells in the OB, OB neurons, and scattered cells in the anterior olfactory nuclei (AON) (Stoykova and Gruss, 1994; Dellovade et al., 1998; Lopez-Mascaraque and de Castro, 2002; Hack et al., 2005; Kohwi et al., 2005) . Among these Pax6 ϩ cells, the Dlx1&2 Ϫ/Ϫ mutation appears to selectively eliminate the OB interneurons (Fig. 1 EЈ) .
To examine the effect of the Dlx1&2 Ϫ/Ϫ mutation on the development of pallial-derived projection neurons, we examined the expression of Reelin, whose expression in mitral cells is implicated as a detachment signal for migrating interneurons (Alcantara et al., 1998; Hack et al., 2002; Long et al., 2003) . At E14.5, the Dlx1&2 Ϫ/Ϫ mutation does not markedly affect expression of Reelin (Fig. 1 FЈ) , further confirming that OB pallial cells are unaffected by this mutation (Bulfone et al., 1998) .
By E18.5, immediately before the age at which the Dlx1&2 Ϫ/Ϫ mutants die, subpallial and pallial markers show similar expression patterns defects as at E14.5, thereby demonstrating that embryonic Dlx1&2 Ϫ/Ϫ mutants lack normal OB GABAergic neurons from early stages. This phenotype could be attributable to either a defect in the specification of OB interneuron progenitors and/or a failure of these cells to differentiate and migrate. To gain additional insights into the basis of this phenotype, we performed in situ hybridization and immunofluorescence analyses on coronal sections at E12.5 and E15.5 (see Figs. 2 
-5).
The Dlx1/2 Ϫ/Ϫ mutant OB lacks GABAergic differentiation yet expresses transcription factors that mark subpallial progenitors To determine whether Dlx1&2 participate in the initial specification of OB interneuron precursors, we examined the expression of transcription factors (Dlx1,2&5, Mash1, and Pax6 ) and GAD67 in coronal sections through the rostral telencephalon in E12.5 embryos, around the time that a morphologically discernable OB is present directly above the olfactory epithelium.
At E12.5, Dlx2 is expressed in both immature and mature neurons of the LGE, septum, and OB ( Fig. 2 A, B) . Expression of the Dlx2 truncated RNA (Dlx2m) in the Dlx1&2 Ϫ/Ϫ mutant is maintained in the SVZ of the septum and LGE but is barely detectable in the OB, similar to the results at E14.
Dlx5 is expressed in the SVZ and mantle zone of the LGE, septum, and OB in the control embryos (Fig. 2C,D) . Its expression is virtually eliminated in the Dlx1&2 Ϫ/Ϫ mutant telencephalon, except in the septum and rostral LGE (Anderson et al., 1997b) . At E12.5, the Dlx1&2 Ϫ/Ϫ mutant OB primordium has trace levels of Dlx5 expression (Fig. 2CЈ) .
GAD67 expression is similar to Dlx5 expression in the LGE, septum, and OB at E12.5 ( Fig. 2 E, F ) . However, in the Dlx1&2 Ϫ/Ϫ mutant, GAD67 expression is lost from the OB and reduced in the LGE and septum (Fig. 2 EЈ,FЈ) . The observation that Dlx5 and GAD67 expression remains prominent in part of the septum and rostral LGE in the Dlx1&2 Ϫ/Ϫ mutant suggests that the genesis of GABAergic neurons in the OB and the septum/rostral LGE are under distinct molecular controls.
Pax6 is expressed in radial cohorts of cells at the pallial-subpallial border, at both the LGE/ventral pallial (VP) and septal/medial pallial (MP) limits (Puelles et al., 2000; Yun et al., 2003) . At E12.5, these cells form a continuous arc around the rostral subpallium and cap the primordium of the OB (Fig. 2G ,H, arrowheads).
In the Dlx1&2
Ϫ/Ϫ mutant, production of the Pax6 ϩ cells is intact (they form the subpallial arc), but they aggregate in clusters and are not detected in the OB primordium (Figs. 2GЈ,HЈ, star; 3AAЈ,B-BЈ,CCЈ, E15.5 data).
A truncated Dlx1 transcript (Dlx1m) is expressed in both progenitors and more mature cells of the LGE, septum, and OB of E12.5 control embryos ( Fig. 2 I, J ). In the basal ganglia primordia of the Dlx1&2 Ϫ/Ϫ mutants, expression of Dlx1m is maintained ( Fig. 2 IЈ,JЈ) (Zerucha et al., 2000) . In the E12.5 Dlx1/2 Ϫ/Ϫ mutant, Dlx1m is expressed in the OB primordium in the VZ (immature progenitors), whereas its expression in the mantle zone (more mature cells) is not detectable (Fig.  2 
IЈ,JЈ).
Mash1 encodes a basic helix-loop-helix transcription factor that promotes development of OB GABAergic neurons (Casarosa et al., 1999; Parras et al., 2004) . Dlx1&2 Ϫ/Ϫ mutants overexpress Mash1 in the ganglionic eminences; this is associated with increased Delta1 and Hes5 expression, indicative of increased Notch signaling (Yun et al., 2002) . At E12.5, Mash1 continues to be expressed in the mutant OB ( Fig. 2 KЈ,LЈ) . This demonstrates that the OB progenitor domain maintains expression of some essential regulatory genes in the Dlx1&2 Ϫ/Ϫ mutant. Thus, early aspects of OB interneuron specification take place in Dlx1&2 Ϫ/Ϫ mutants, but later steps in their generation fail. We investigated this hypothesis further at E15.5, when the olfactory bulb has differentiating granule and periglomerular interneurons that express several transcription factors (Dlx1, ER81, Pax6, Sp8, and Sp9) and other genes (GAD67 and PK2) that regulate their phenotype.
Evidence for Dlx1&2-dependent and -independent mechanisms in the genesis of olfactory bulb interneurons At E15.5, Dlx1 expression marks both immature and mature neurons in the wild-type forebrain. Its expression in the subventricular and mantle zones of the subpallium extends rostrally from the LGE into the olfactory bulb in a U-shaped pattern (Fig. 3A-F , arrowheads), which becomes a ventrolateral crescent in the VZ/ SVZ of the OB (Fig. 3 B, C, arrowheads) . The U-shaped domain can be seen at E12.5 (Fig. 2 A) and is complementary to an inverted U-shape domain (data not shown). The U-shaped progenitor domain has subpallial molecular features (Dlx1,2&5 and Sp8) (see 9) , whereas the inverted U-shaped progenitor domain primarily has pallial molecular features (Tbr2; data not shown). There are some genes that are expressed in both the pallial and subpallial progenitor domains [ER81, Emx1 (empty spiracles homolog 1) Mash1, Pax6, and Sp8, although at different levels] (see Figs. 3, 4, 9 and data not shown). Dlx1 is expressed in nascent granule and periglomerular layers (Fig. 3A) . In the Dlx1&2 Ϫ/Ϫ mutant, the Dlx1 transcript continues to be expressed in the SVZ of the subpallium; although low levels are seen in the U-shaped zone, no expression is observed in the OB (Fig. 3AЈ-CЈ) .
Emx1 is expressed in both the U-shaped and inverted U-shaped domain; in the Dlx1&2 Ϫ/Ϫ mutant, expression in only the U-shaped domain is reduced (data not shown). This suggests that a subset of immature olfactory bulb interneurons express Emx1, consistent with fate mapping studies (Gorski et al., 2002) (M. Kohwi et al., unpublished observations).
GAD67 expression in control embryos is very similar to Dlx1 (although GAD67 is expressed more robustly in the mantle zone) (Fig. 3G-L) . Like Dlx1 expression in the Dlx1&2 Ϫ/Ϫ mutants, GAD67 expression is lost in the OB (Fig. 3GЈ) . Its expression is reduced in the LGE but appears normal in the septum (Fig. 3JЈ-LЈ) . Septal development is relatively normal in the Dlx1&2 Ϫ/Ϫ mutant, which we believe is attributable to preservation of Dlx5&6 expression by a Dlx1&2-independent pathway (Anderson et al., 1997b) .
Expression of ER81, an ETS-domain transcription factor, in the rostral dLGE and dorsal septum marks sets of cells ventral to the radial stripes of Pax6 ϩ cells (Fig. 3Q , R, CC,DD, arrows) (Stenman et al., 2003) . These ER81 expression domains coalesce into the U-shaped rostral subpallial domain (like Dlx1 and GAD67 ) and then form rings of expression in the mantle and SVZ of the OB (Fig. 3M-R) . In the Dlx1&2 Ϫ/Ϫ mutant, ER81 expression is lost from the dLGE and the U-shaped domain (Fig.  3MЈ-RЈ) . However, similar to Dlx1 and GAD67, ER81 expression remains in the septum (Fig. 3QЈ,RЈ) . Furthermore, ER81 is expressed in the VZ of the rostromedial pallium, which is continuous with the inverted U domain; this expression is preserved in the Dlx1/2 Ϫ/Ϫ mutant (Fig. 3OЈ,PЈ, arrows) . Furthermore, many Ϫ/Ϫ mutant (right column) for each telencephalic zone. In general, the Mash1 Ϫ/Ϫ mutation shows the opposite effect of the Dlx1&2 Ϫ/Ϫ mutation. The following genes show decreased expression in the Dlx1&2 Ϫ/Ϫ mutants (for details, see Results, because each gene shows variations on this general theme): 
ER81
ϩ cells remain in the mutant OB mantle zone, although there is reduced expression in the ventral region (Fig. 3MЈ, arrow) . We hypothesize that the remaining ER81 ϩ mantle zone cells are derived from the ER81 ϩ progenitors in the inverted U domain. Sp8 encodes a buttonhead-like C 2 H 2 zinc-finger transcription factor that regulates development of olfactory bulb interneurons (Waclaw et al., 2006) . Sp8 and ER81 expression are very similar (Fig. 3M -R,S-X ). In the Dlx1&2 Ϫ/Ϫ mutant, Sp8 expression in the dLGE, U-shaped domain, and OB mantle zone is virtually eliminated (Fig. 3SЈ-XЈ) . Sp8 expression persists in the septal mantle zone (MZ) (but is reduced in the septal VZ) (Fig. 3XЈ) . Like ER81, Sp8 is also expressed in the inverted U domain and in the VZ of the OB. This expression persists in the Dlx1&2 Ϫ/Ϫ mutant (Fig. 3UЈ,VЈ, arrows) .
Pax6 is expressed in cells radially migrating out as thin radial cohorts at the pallial-subpallial border at both the LGE/ventral pallial and septal/medial pallial limits (Fig. 3DD, arrows) (Puelles et al., 2000; Yun et al., 2003) . These appear to be continuous into the OB, in which there are Pax6 ϩ PG cells. Pax6 expression is lost in PG cells of the Dlx1&2 Ϫ/Ϫ mutant (Fig. 3YЈ ). Of note, clumps of Pax6 ϩ cells in the SVZ of the rostral subpallium are observed only in the mutant (Fig. 3AAЈ-CCЈ, arrows) . These findings were confirmed and analyzed in greater depth using immunohistochemistry (described below and in Fig. 4) .
PK2 encodes a secreted, postulated detachment signal for migrating neurons of the postnatal RMS (Ng et al., 2005) . PK2 expression in the VZ/SVZ extends from the basal ganglia primordia into the U-shaped region with low levels in the OB. Its expression is increased in the SVZ of the Dlx1&2 Ϫ/Ϫ mutants ( Fig. 3EEЈ-JJЈ) . Mash1 is expressed in the VZ and SVZ of the subpallium and OB (Fig. 3KK-PP) . Similar to PK2, Mash1 expression is increased in the SVZ of the LGE and the U-shaped domain in the Dlx1&2 Ϫ/Ϫ mutants, although its expression appears unchanged in the OB (Fig. 3KKЈ-PPЈ) .
Sp9 encodes a buttonhead-like C 2 H 2 zinc-finger transcription factor highly related to Sp8. Expression of Sp9 in the subpallium and OB is very similar to Dlx1 and GAD67 (Fig. 3A-F,G-L) . Like Mash1, Sp9 expression is increased in the dLGE and U-shaped domain in the Dlx1&2 Ϫ/Ϫ subpallial SVZ/VZ (Fig. 3QQЈ-VVЈ) ; In the OB, Sp9 expression is maintained in the VZ but is greatly reduced in the granule and periglomerular layers (Fig. 3QQЈ) .
Therefore, there appears to be two types of gene expression responses to the Dlx1&2 Ϫ/Ϫ mutation in progenitor domains that are involved in the generation of olfactory bulb neurons: (1) downregulation of Dlx5, ER81, GAD67, and Sp8, and (2) maintenance/upregulation of Mash1, Sp9, and PK2. This suggests that Dlx1&2 and Mash1 regulate distinct pathways. To test this, we examined the effect of the Mash1 Ϫ/Ϫ mutant on the expression of these genes.
Mash1 promotes expression of Sp9
We studied the expression of Dlx1, GAD67, ER81, Sp8, Pax6, Sp9, and PK2 in coronal sections of E15.5 Mash1 Ϫ/Ϫ mutants. Contrary to the effects in the Dlx1&2 Ϫ/Ϫ mutant, GAD67 expression is maintained in most of the Mash1 Ϫ/Ϫ subpallium ( Fig. 3GЉ-LЉ) , as is Dlx1 expression (Fig. 3AЉ-FЉ) . At earlier stages (E10.5-E12.5), Dlx1,2&5 and GAD67 expression are ectopically expressed in the VZ in the Mash1 Ϫ/Ϫ mutants (Casarosa et al., 1999; Yun et al., 2002) . In the OB, Dlx1 and GAD67 expression are maintained in the granule cell layer but appear to be reduced the periglomerular layer (Fig. 3AЉ,GЉ) . Likewise, expression of ER81 and Sp8 is maintained in the dLGE, U-shaped domain, and OB of the Mash1 Ϫ/Ϫ mutant (Fig. 3MЉ -RЉ,SЉ-XЉ). PK2 expression in the VZ of the OB is increased in the Mash1 Ϫ/Ϫ mutant (Fig.  3EEЉ,FFЉ) . This suggests that Mash1 represses PK2 expression in OB progenitors.
Unlike Dlx1, GAD67, ER81, and Pax6, the expression of Sp9 is reduced in Mash1 Ϫ/Ϫ mutants in regions of the subpallium. Sp9 expression is reduced in the VZ, SVZ, and MZ of ventral parts of the LGE, the U-shaped region and the septum (Fig. 3QQЉ-VVЉ) . However, its expression is maintained in the dLGE (Fig. 3VVЉ) . OB expression of Sp9 is greatly reduced (Fig. 3QQЉ) .
Thus, in most subpallial domains, Dlx1&2 positively regulates GAD67, ER81, and Sp8 and negatively regulates Mash1, Sp9, and PK2. Conversely, in most subpallial domains, Mash1 positively regulates Sp9 and negatively regulates Dlx1, GAD67, and ER81. Because Dlx1&2 and Mash1 are both required for the normal generation of OB interneurons, this suggests that these transcription factors regulate parallel genetic pathways that together are essential for OB development.
Interestingly, Pax6 expression in the subpallium does not seem to be greatly affected by either the Dlx1&2 or Mash1 mutation, with the exception of decreased numbers of Pax6 ϩ OB cells in the mantle zone of both mutants (Fig. 3YЈ,YЉ) . However, there are clumps of Pax6 ϩ cells in the SVZ of the rostral subpallium in the Dlx1&2 Ϫ/Ϫ mutant. Thus, we chose to examine the relationship of DLX2 and PAX6 protein expression at higher resolution.
Molecular profile of E15.5 progenitor zones related to the genesis of olfactory bulb interneurons: expression of DLX2 and PAX6 proteins
We examined expression of PAX6 and DLX2 proteins using double immunofluorescence at E15.5 in rostral telencephalic regions related to the genesis of olfactory bulb interneurons. We will describe the results in four coronal section planes of the rostral telencephalon that are representative of the regions related to the genesis of olfactory bulb interneurons. We name these planes as follows: zone I, OB; zone II, accessory olfactory bulb (AOB); zone III, AON; and zone IV, rostral nucleus accumbens (NAc). Later in the paper we introduce the idea of zone V, which includes the LGE/striatum and more posterior parts of the NAc. Figure 4 shows double immunofluorescence (for a schematic interpretation of this data, see Fig. 9 ). We qualitatively categorized cells as follows: strongly DLX2 positive (DLX2 ϩ ), strongly PAX6 positive (PAX6 ϩs ), weakly PAX6 positive (PAX6 ϩw ), DLX2 ϩ / PAX6 ϩs double positive, and DLX2 ϩ /PAX6 ϩw double positive. Below we highlight a subset of the major observations, focusing on the expression related to the genesis of OB interneurons, such as the rostral parts of the pallial/subpallial boundary, in which at least some of the embryonic olfactory bulb interneurons are thought to be generated. (Fig. 4 ) VZ PAX6 is strongly expressed in the pallial VZ and weaker in the subpallial (LGE and septal) VZ, in a pattern similar to its RNA expression (Fig. 3Y-DD) (Sussel et al., 1999; Puelles et al., 2000 Zone IV: rostral NAc (Fig. 4J-L ) (see Fig. 9D ) VZ/SVZ. In the dLGE/VP pallial/subpallial transition zone, there are numerous DLX2 ϩ /PAX6 ϩs double-positive cells in the VZ and SVZ (Fig. 4 L, arrowheads) . Conversely, the dorsal septum/MP pallial/subpallial transition zone has many fewer DLX2 ϩ /PAX6 ϩs double-positive cells. MZ. Emanating from the dLGE/VP pallial/subpallial transition zone is a stream of DLX2 ϩ /PAX6 ϩs , PAX6 ϩs , and DLX2 ϩ cells (Fig. 4 L) . The septum/MP boundary produces a smaller stream of cells; these are primarily either PAX6 ϩs or DLX2 ϩ , and very few are DLX2 ϩ /PAX6 ϩs . In the Dlx1&2 Ϫ/Ϫ mutant, there are ectopically placed PAX6 ϩs cells that collect at SVZ/MZ transition in the subpallium (Fig. 4 KЈ, arrowheads) . (Figs. 4C,F,I ) (see Fig. 9C ) The principal changes compared with the dLGE/septal level are as follows.
General observations about proliferative and differentiating layers
Zone III: AON
VZ/SVZ. Increased numbers of pallial DLX2 ϩ on the medial (septal/MP) side and an increase in DLX2 ϩ /PAX6 ϩs cells present in the subpallial (U-shaped) domain.
MZ. Robust streams of PAX6 ϩs emanate from the lateral and medial pallial/subpallial boundary. These streams are continuous with a superficial layer of PAX6 ϩs cells that wrap around the ventral surface of the brain.
In the Dlx1&2 Ϫ/Ϫ mutant embryo, there are many clusters of PAX6 ϩ cells along the arc of the rostral subpallium and just inside the SVZ of the dLGE/VP and septum/MP borders (Fig.  4 FЈ, arrowheads) . Fig. 9B (Fig. 4 EЈ) .
Zone II: OB and AOB (Fig. 4B,E,H) (see
Zone I: OB (Fig. 4A ,D,G) (see Fig. 9A (Fig. 4 DЈ) .
This detailed analysis shows, at the cellular resolution, the modifications in the molecular characteristics of the progenitor domains as one moves rostrally from the level of the NAc/rostral LGE (zone IV) to the OB (zone I). In this rostral progression, there is a loss in regional differences of molecular properties. In the OB, the VZ/SVZ shows no clear regional difference in gene expression; its molecular features are a mosaic of the pallium and subpallium.
The pallial/subpallial boundaries (dLGE/VP and dorsal septum/MP) are present in zones III-V, in which they appear to be the source for migratory PAX6 ϩ cells. These boundaries are not apparent in the OB. The Dlx1&2 Ϫ/Ϫ mutants do not show a major change in the VZ/SVZ expression of PAX6 (Fig. 4 DЈ- 
FЈ,KЈ). However, PAX6
ϩ cells that have left the VZ/SVZ are found in ectopic clusters in zones III and IV, suggestive of a defect in migration (similar clusters are present in Figs. 2 HЈ, 3AAЈ-CCЈ) . Furthermore, given the known functions for Dlx1&2 in regulating the migration of MGE-derived interneurons (Anderson et al., 1997a (Anderson et al., , 2001 ) and the lack of Dlx1 ϩ and Dlx2 ϩ cells in the OB of the Dlx1&2 Ϫ/Ϫ OB (Figs. 1 BЈ,HЈ, 2AЈ ,IЈ, 3AЈ), we directly examined the migratory properties of Dlx1&2 Ϫ/Ϫ cells in the embryonic rostral migratory stream and of dLGE cells.
In vitro analyses reveal a rostral migratory stream defect in the Dlx1&2
Ϫ/Ϫ mutant embryos To determine whether a block in migration along the rostral migratory stream contributes to the lack of OB interneuron neuron marker expression in the Dlx1&2 Ϫ/Ϫ mutant embryo, we used an in vitro slice culture migration assay using parasagittal vibrating microtome slices from E17.5 control and Dlx1&2 Ϫ/Ϫ mutant embryos. The RMS was labeled with a crystal of DiI, and slices were cultured for 72 h. The experiment indicated a reduced migration along the rostral migratory stream into the OB in the Dlx1&2 Ϫ/Ϫ mutant embryos (n ϭ 5) compared with control (n ϭ 8) (Fig. 5 A, AЈ) .
The results obtained using the slice migration assay support a hypothesis that tangential migration in the RMS is defective in the Dlx1&2 Ϫ/Ϫ mutants. This abnormality could be attributable to local defects along the migration pathway or to intrinsic defects in the migrating cells. Therefore, to assess whether or not Dlx1&2 Ϫ/Ϫ cells could migrate in other environments, we tested the ability of explants from the rostral parts of the dLGE to undergo chain migration in Matrigel. Explants from the RMS exhibit chains of migrating cells in this substrate (Wichterle et al., 1997) . As expected, cells from wild-type E15.5 and E18.5 explants showed robust migration (Fig.  5B,C) . At E18.5, many of these cells migrated in chains (Fig. 5C,  inset) . Conversely, cells migrated less from the Dlx1&2 Ϫ/Ϫ explants and did not form chains (Fig. 5BЈ,CЈ) . Therefore, both the slice and explant assays show that the Dlx1&2 Ϫ/Ϫ mutation results in the reduced migratory capacity of cells that ordinarily tangentially migrate along the embryonic RMS.
In vivo analysis confirms a migration defect in the Dlx1&2
Ϫ/Ϫ
mutant embryos
The in vitro migration analyses suggest that the Dlx1&2 Ϫ/Ϫ mutant cells are unable to form chains and migrate. However, it is possible that the environment of the mutant is disruptive to the cells and their ability to migrate. To test this possibility, we performed in vivo transplantations using either E15.5 or E18.5 dLGE from control or Dlx1&2 Ϫ/Ϫ mutants. The cells were labeled using CellTracker dye and then transplanted into the proximal region of the RMS in wild-type adult mice. After 6 d of survival, both E15.5 (n ϭ 5) and E18.5 (n ϭ 4) control cells had migrated far along the RMS (Fig. 6 A, B and data not shown). However, Dlx1&2 Ϫ/Ϫ mutant cells in both the E15.5 (n ϭ 5) and E18.5 (n ϭ 4) transplants remained close to the transplantation site, failing to migrate rostrally (Fig. 6 AЈ,BЈ and data not shown) . This result demonstrates the cellautonomous nature of the migration defect of Dlx1&2 Ϫ/Ϫ mutant cells.
Expression of ErbB4, Slit1, and Robo1&2 are altered in the presumptive rostral migratory stream of Dlx1&2 Ϫ/Ϫ mutants To understand which molecules might contribute to the RMS defect in the Dlx1&2 Ϫ/Ϫ mutants, we examined the expression of several candidate regulatory molecules using in situ hybridization. We began our analysis at E14.5 using the expression of the vesicular GABA transporter (VGAT, Viaat) (Evans et al., 1996) , to mark the location of presumptive rostral migratory stream. VGAT expression clearly shows a "corridor" of cells from the rostral the LGE to the OB (Fig. 7A) . In the Dlx1&2 Ϫ/Ϫ mutants, expression of VGAT is almost eliminated in the telencephalon (Fig. 7AЈ) .
Because of previous observations of Notch signaling in the progenitor zones in the Dlx1&2 Ϫ/Ϫ mutants (Yun et al., 2002) , we assessed the effect of the Dlx1&2 Ϫ/Ϫ mutation on the expression of Hes5, a gene that is induced by Notch signaling (Ohtsuka et al., 1999) . Indeed, in the Dlx1&2 Ϫ/Ϫ mutant, Hes5 expression is increased throughout most of the progenitor zones of the subcortical telencephalon, including parts of the LGE adjacent to the OB (Fig. 7 B, BЈ) . This finding suggests that persistent elevation of Hes5, a basic helix-loophelix transcription factor that inhibits differentiation, contributes to the inability of cells to migrate to the OB in the Dlx1&2 Ϫ/Ϫ mutants. However, it does not address which molecules that regulate migration may be downstream of the loss of Dlx1&2.
Previous studies have suggested that the Robo/Slit receptor/ ligand family contributes to regulating the migration of neurons to the OB (Hu and Rutishauser, 1996; Hu, 1999; Wu et al., 1999; Chen et al., 2001; Nguyen-Ba-Charvet et al., 2004; Sawamoto et al., 2006) . SLIT1 acts as a repellent for tangentially migrating cells in the adult RMS (Hu and Rutishauser, 1996; Hu, 1999; Chen et al., 2001) . Consistent with these findings, Slit1&2 Ϫ/Ϫ mutants have small olfactory bulbs (Sawamoto et al., 2006) . Ordinarily, Slit1 expression flanks the SVZ corridor between the LGE and OB (Fig. 7C, arrows) . However, in the Dlx1&2 Ϫ/Ϫ mutant, Slit1 expression is upregulated in this corridor; Slit1 ectopic expression could impede migration to the OB (Fig. 7CЈ) . The expression pattern of Robo2 is particularly intriguing with respect to migration to the OB. At E14.5, Robo2 expression is highly enriched in cells within the rostral part of the corridor leading to the OB (Fig. 7E, arrow) . This expression is either lost or greatly reduced in the Dlx1&2 Ϫ/Ϫ mutant (Fig. 7EЈ, arrow) . Unlike Robo2, Robo1 is not expressed in the part of the corridor adjacent to the OB, although it is expressed nearby within the LGE (Fig. 7 D, DЈ, arrow) . These results suggest that the disruption of Robo/Slit expression may contribute to the defect in migration of the Dlx1&2 Ϫ/Ϫ mutant cells. Therefore, we examined their expression more carefully in a rostral-to-caudal series of coronal sections at E18.5 (Fig. 8) .
Analysis at E18.5 shows that Robo1 is expressed in the mantle of the rostral dLGE (Fig. 8 J) , whereas Robo2 is expressed in the SVZ of the dLGE (Fig. 8 N, O) . In addition, further rostrally, Robo2 expression is in the RMS and SVZ of the olfactory bulb (Fig. 8 K-M ) , whereas Robo1 expression encapsulates the RMS (Fig. 8G,H ) . In the OB, Robo1 expression in the SVZ is much less prominent than Robo2 (Fig. 8 F, K ) .
In Dlx1&2 Ϫ/Ϫ mutants at E18.5, Robo2 expression is greatly reduced in the SVZ, a portion of the mantle of the LGE (Fig.   Figure 6 . In vivo transplantation of Dlx1&2 Ϫ/Ϫ mutant cells into anterior SVZ of adult mice demonstrates a cell-autonomous defect in migration. CellTracker dye-labeled SVZ explants were taken from the striatal progenitor zone of E18.5 Dlx1&2 Ϫ/Ϫ mutant and control embryos and injected into the SVZ of adult mice [adjacent to the rostral striatum (Str)] with survival for 6 d. Control cells integrated into and along the host RMS and migrated away from the injection site (asterisk) toward the OB (A). A higher-magnification view of the boxed area in A is provided in B. Dlx1&2 Ϫ/Ϫ mutant cells were not found anywhere outside of a very short distance away from the injection site (asterisk, A). A higher-magnification view of the boxed area in A is provided in B. Scale bar: A, A, 400 m; B, B, 100 m.
8 NЈ,OЈ, arrowheads), and the RMS extension into the OB (Fig.  8 KЈ,LЈ, arrowheads) . Slit1 expression in the SVZ of the LGE is expanded in the Dlx1&2 Ϫ/Ϫ mutants (Figs. 8SЈ,TЈ) . In the RMS and OB, its expression appears similar in the Dlx1&2 Ϫ/Ϫ mutants (Fig. 8 PЈ,QЈ) .
Expression of ErbB4 in E18.5 control animals marks the SVZ of the dLGE (Fig. 8C-E, arrowheads) and its continuation into the RMS (Fig. 8 B) and the SVZ of the OB (Fig. 8 A) . In the Dlx1&2 Ϫ/Ϫ mutants, ErbB4 expression is greatly diminished in the RMS (Fig. 8BЈ) and OB (Fig. 8AЈ) , whereas its expression in the SVZ of the dLGE is preserved and slightly expanded (Fig. 8DЈ,EЈ) . Although Dlx1&2 may promote ErbB4 expression in RMS cells, an alternative interpretation is that ErbB4 ϩ cells accumulate in the dLGE attributable to the block in migration to the OB.
Discussion
Current evidence supports a model that OB projection neurons and interneurons are produced by distinct progenitor domains and express distinct sets of transcription factors (Bulfone et al., 1998) . Thus, although projection neurons (glutamatergic mitral and tufted cells) are generated from the pallium and require transcription factors such as Tbr1, most interneurons (GABAergic granule and periglomerular cells) are produced by the subpallium and express transcription factors such the Dlx genes. Superimposed on the distinct transcription factor profile of OB projection neurons and interneurons, their progenitors share expression of some transcription factors such as Pax6 (Fig. 4) (Hack et al., 2005; Kohwi et al., 2005) and Emx1 (Gorski et al., 2002) (Kohwi et al., unpublished observations) . Here we investigated how Dlx1&2 and Mash1, which encode transcription factors essential to subpallial development, control OB interneuron specification, differentiation, and migration.
Dlx1&2 and Mash1 regulate parallel pathways in OB interneuron development
We provide evidence for parallel roles of the Dlx1&2 and Mash1 transcription factors in regulating the production, differentiation, and migration of OB interneurons. In the absence of Dlx1&2, the mouse prenatal OB nearly lacks all expression of essential regulators of GABAergic function (glutamic acid decarboxylase and vesicular GABA transporter). Also, the OB mantle layer nearly lacks expression of several transcription factors, such as ER81, Pax6, and Sp8; these genes are either required or implicated in OB interneuron development (Dellovade et al., 1998; Stenman et al., 2003; Hack et al., 2005; Kohwi et al., 2005; Waclaw et al., 2006) .
Conversely, Dlx1&2 Ϫ/Ϫ mutants show overexpression of Mash1, Hes5, PK2, Sp9, and Gsh2 (Figs. 3, 7 B, BЈ and data not shown) , known regulators (or markers) of interneuron progenitors (Bulfone et al., 1998; Corbin et al., 2000; Toresson et al., 2000 Toresson et al., , 2001 Yun et al., 2001 Yun et al., , 2003 Ng et al., 2005) . This phenotype is consistent with a block in differentiation associated with elevated Notch signaling that is found in the striatal anlage of Dlx1&2 Ϫ/Ϫ mutants (Yun et al., 2002) . Furthermore, Dlx1&2 Ϫ/Ϫ mutants show defects in tangential migration associated with alterations in expression of molecules in three signaling pathways known to modulate OB interneuron migration (Slit/Robo, neuregulin/ErbB4, PK2/PK2 receptor) 7, 8) (Hu, 1999; Li et al., 1999; Chen et al., 2001; Anton et al., 2004; Nguyen-Ba-Charvet et al., 2004; Ng et al., 2005; Sawamoto et al., 2006) . Mash1 Ϫ/Ϫ mutants also show increased PK2 expression and decreased numbers of OB interneurons (Figs. 3AЉ-VVЉ) . Thus, Dlx1&2 and Mash1 regulate distinct pathways that promote OB interneuron development.
Dlx1&2 are not essential for the induction of OB interneuron progenitors, because the Dlx1&2 Ϫ/Ϫ mutants express essential regulators of these cells (Mash1 and Gsh2) in the rostroventral telencephalic VZ (likely OB anlage) (Fig. 2 and data not shown) . In addition, truncated Dlx1 RNA is present in the E12.5 putative OB progenitor zone in Dlx1&2 Ϫ/Ϫ mutants (Fig. 2 IЈ) , showing that DLX1 or DLX2 protein expression is not required to induce or maintain Dlx1 RNA expression in the OB anlage. Furthermore, this result suggests that the early OB may be able to locally produce GABAergic interneurons and therefore may not entirely Ϫ/Ϫ mutant and control embryos. Expression of VGAT marks a corridor from the LGE to the OB; this expression is nearly lost from the LGE and MGE of the Dlx1&2 Ϫ/Ϫ mutant embryo but is maintained in part of the septum (Se; A, A). Vertical stripe (arrowhead) in cortex of A is a tissue fold and is not VGAT expression. Hes5 expression, which is primarily expressed in the VZ, is increased in the SVZ of the LGE and MGE of the Dlx1&2 Ϫ/Ϫ mutant embryo (B, B). Slit1 is also ectopically expressed in the SVZ (C, C). Expression of Robo1 in the LGE is slightly increased (compare arrowheads in D and D), whereas Robo2 expression is lost from the rostral extension of the LGE near the OB (arrowhead in E, E). Cx, Cortex; PreT, prethalamus. Scale bar: A-E, 300 m.
depend on tangential migration of DLX ϩ cells from more caudal progenitor domains.
The Dlx1&2 Ϫ/Ϫ mutant OB anlage expresses very little if any Dlx5 at E12.5, E14.5, E15.5, and E18.5 (Fig. 1CЈ ,IЈ and data not shown). However, just caudal to the OB anlage, there is a region associated with the septum that expresses Dlx1,2&5 in the mantle zone (Figs. 1-3 ). This septal mantle zone is the only region of the telencephalon that expresses Dlx5&6 in the absence of Dlx1&2 (Figs. 1-3) (Anderson et al., 1997b; Stuhmer et al., 2002) . This domain also maintains higher expression of GAD67 and VGAT compared with other subpallial regions (Figs. 2, 3, 7) . By E14.5 and E15.5, the Dlx1&2 Ϫ/Ϫ OB phenotype clearly shows a block in GABAergic differentiation. Although interneuron progenitors appear to be present, by virtue of Mash1 and Gsh2 expression (Fig. 3 and data not shown) , the OB lacks expression of GAD67 and VGAT, as well as expression of the ER81, Pax6, and Sp8 transcription factors that mark subsets of postmitotic interneurons (Fig. 3) . This phenotype persists up to E18.5 ( Fig. 1) (Anderson et al., 1997b; Bulfone et al., 1998) ; Dlx1&2 Ϫ/Ϫ mutants die the day of birth. Dlx1&2 Ϫ/Ϫ mutants lack both GABAergic and dopaminergic OB interneurons (Anderson et al., 1997b; Bulfone et al., 1998) . PAX6 is expressed in, and is required for, development of OB dopaminergic neurons (Hack et al., 2005; Kohwi et al., 2005) .
Dlx1&2
Ϫ/Ϫ mutants lack Pax6 ϩ periglomerular cells at E12.5, E15.5, and E18.5 (Figs. 1-3) . The Dlx1&2 Ϫ/Ϫ mutants have ectopic clusters of Pax6 ϩ cells caudal to the OB (Figs. 3, 4) , suggesting that the cells are produced but fail to migrate rostrally.
Although DLX2 is coexpressed with PAX6 ϩs cells in differentiating periglomerular cells, a substantial fraction of PAX6 ϩs cells in the VZ, SVZ and MZ, caudal to the OB appear not to express DLX2 (Fig. 4) .
Rostral subdivisions of the subcortical telencephalon
Morphological analyses of gene expression show abrupt changes in the molecular organization of the progenitor (VZ and SVZ) domains of the rostral subcortical telencephalon. At this point, we are uncertain about the precise number of subdivisions; for pragmatic reasons, we represent this organization in five coronal planes (zones) that are shown schematically in Figure 9 . The olfactory bulb (Fig. 9 , Zone I) appears to have a single progenitor domain consisting of a mosaic of molecularly distinct cell types that can be identified by DLX2 and PAX6 expression (Fig. 9) . We favor the hypothesis that VZ cells expressing DLX2 (with or without PAX6) produce GABAergic interneurons; those expressing only PAX6 share properties with the pallial VZ and may produce primarily glutamatergic projection neurons (Fig. 9) . These results are also supported by fate map analysis of mice expressing Dlx5/6 -cAMP response element (Kohwi et al., unpublished observations) . The caudal part of the OB, zone II, is defined by the presence of the accessory olfactory bulb (Fig. 9) . Zone III corresponds to a region that includes the prefrontal cortex and anterior olfactory nuclei (Fig. 9) . Zones IV and V are regions with prominent parts of the septum, nucleus accumbens, and LGE; zone IV has continuous subpallial expression of ER81 and Sp8; their expression is discontinuous in zone V.
Unlike the OB, zones II-V have multiple regionally distinct progenitor domains and exhibit migrations emanating from the pallial/subpallial boundaries containing PAX6 ϩ , DLX2 ϩ , and 
PAX6
ϩ /DLX2 ϩ cells (Fig. 9) . The contours of these migratory cell groups suggest that these reflect dorsal and ventral migrations into the pallium and subpallium mantle, respectively. The putative migration into the pallium could include cells that become cortical interneurons and could correspond to the postulated LGE-derived cells (Anderson et al., 2001; Wonders and Anderson, 2006) . Expression of Dlx1 and GAD67 are also consistent with tangential migrations emanating from the rostrodorsal LGE to the pallium (Fig. 9) .
In zones II and III, PAX6 and DLX2 expression (Fig. 9) shows three types of VZ domains: pallial, subpallial, and mixed (on the medial or septal side). The mixed domain most closely resembles the molecular profile of the OB VZ. Thus, the OB VZ may be produced at the medial intersection of pallial and subpallial progenitor domains. In zones IV and V, PAX6 and DLX2 labeling shows two types of VZ domains: pallial and subpallial (Figs. 3, 9) .
Zones III and IV are distinguished by the clear U-shape of the subpallial progenitor domains and continuous expression of ER81 and Sp8 in the SVZ (Fig. 3) . We suggest that this SVZ domain corresponds to the embryonic rostral migratory stream, which also exhibits prominent Dlx1, Dlx2, Dlx5, Mash1, and Sp9 SVZ expression. We also suggest that the embryonic RMS is a corridor from the septum and LGE into the OB consisting primarily of SVZ cells expressing subpallial-type transcription factors and ErbB4, GAD67, PK2, and Robo2 (Figs. 1, 3, 6, 7) . By E18.5, the RMS becomes encircled by cells expressing distinct set of genes, including Robo1 and Tbr1 (Fig. 8 and data not shown) .
In zone V, ER81 and Sp8 expression is discontinuous, being restricted to the dLGE and dorsal septum. This suggests that, as one proceeds from zones IV to V, there is at least one additional subpallial progenitor domain intercalated between the dLGE and dorsal septum. This domain would include ventral parts of the LGE and septum. In Dlx1&2 Ϫ/Ϫ mutants, differentiation of subpallial SVZ cells in domains II-V is defective, particularly in the embryonic RMS, resulting in loss of expression of several regulators of cell migration.
Dlx1&2 are required for tangential migration of immature GABAergic and dopaminergic neurons
Three migration assays demonstrate migration defects in cells derived from the rostral dLGE of Dlx1&2 Ϫ/Ϫ mutants: (1) E17.5 slice cultures fail to show migration along the RMS; (2) in vitro explants from E15.5 and E18.5 dLGE fail to form migratory chains; and (3) transplants from E18.5 Dlx1&2 Ϫ/Ϫ mutants into wild-type brains fail to migrate to the OB. Although we suggest that the septum also contributes OB interneurons (Long et al., 2003) (Fig. 1) , we have not directly demonstrated this migration. Should it exist, it is clear that it would also be defective in delivery of GABAergic interneurons to the Dlx1&2 Ϫ/Ϫ OB. We suggest that these migratory deficits result from multiple mechanisms. SLIT expression is essential for OB morphogenesis (Sawamoto et al., 2006) and may function through a repulsive mechanism to direct migration (Hu, 1999; Li et al., 1999; Chen et al., 2001; Nguyen-Ba-Charvet et al., 2004; Sawamoto et al., 2006) .
Dlx1&2
Ϫ/Ϫ mutants show ectopic Slit1 expression along the pathway of migration to the OB, which could prevent Roboexpressing cells from migrating through this corridor (Figs. 7, 8) . Indeed, Robo1 expression is maintained in this region, endowing these cells with the ability to be repelled by Slit1. Currently, the function of ROBO1&2 is unknown in OB interneuron development. Dlx1&2 Ϫ/Ϫ mutants fail to express ErbB4 in the core of the OB and rostral aspects of the embryonic RMS. ErbB4 is implicated in mediating neuregulin 1 regulated migration and proliferation of OB interneurons (Anton et al., 2004; Ghashghaei et al., 2006) . Finally, Dlx1&2 Ϫ/Ϫ mutants overexpress PK2, a secreted protein that can attract migrating OB interneurons (Ng et al., 2005) .
Thus, it is likely that defects in these signaling pathways, and possibly others, work together to autonomously and nonautonomously block tangential migration to the OB in Dlx1&2 Ϫ/Ϫ mutants. It is intriguing that the Dlx1&2 Ϫ/Ϫ mutants also exhibit a block in tangential migration from the MGE (and perhaps CGE) to the neocortex and hippocampus (Anderson et Figure 9 . Schemas representing five zones of the embryonic telencephalon related to OB development. Five zones (I-V) have distinct anatomical and molecular characteristics. In each zone, only hemisections of each telencephalon is shown. The color code (top left) describes four types of DLX2 and PAX6 expression in individual nuclei. The olfactory bulb (zone I) appears to have a single progenitor domain consisting of a mixture of molecularly distinct cell types that can be identified by DLX2 and PAX6 expression. The caudal part of the OB (zone II) is defined by the presence of the AOB. Zone III corresponds to a region that includes the prefrontal cortex (PFCx) and AON. Zones IV and V are regions with prominent parts of the SE, NAc, and LGE. Unlike the OB, zones II-V have multiple progenitor domains and exhibit migrations emanating from the pallial/subpallial boundaries containing PAX6 ϩ , DLX2 ϩ , and PAX6 ϩ /DLX2 ϩ cells. In zones II and III, PAX6 and DLX2 expression shows three types of VZ domains: pallial (P), subpallial (SP), and mixed (M) (the mixed domain is on the medial or septal side). The mixed domain most closely resembles the molecular profile of the OB VZ and forms at the medial intersection of pallial and subpallial progenitor domains. In zones IV and V, PAX6 and DLX2 labeling shows two types of VZ domains: pallial and subpallial. Zones III and IV are distinguished by the clear U-shape of the subpallial progenitor domains. We suggest that this SVZ domain corresponds to the embryonic rostral migratory stream. In Dlx1&2 Ϫ/Ϫ mutants, differentiation of subpallial SVZ cells in domains II-V is defective, particularly in the embryonic RMS, resulting in loss of expression of several regulators of cell migration. NCx, Neocortex; PCx, piriform cortex; Se, septum. al., 1997b Se, septum. al., , 2001 Pleasure et al., 2001) . We are uncertain about the extent to which the block in migration to the OB and to the neocortex/hippocampus are attributable to overlapping mechanisms. However, it is intriguing that ErbB4/neuregulin and Robo/ Slit signaling are implicated in both migrations (Anton et al., 2004; Flames et al., 2004; Andrews et al., 2006) , suggesting that Dlx genes have a general role in regulating tangential migration of telencephalic interneurons.
